In view of the large-scale utilization of Cu(In,Ga)Se 2 (CIGS) solar cells for photovoltaic application, it is of interest not only to enhance the conversion efficiency but also to reduce the thickness of the CIGS absorber layer in order to reduce the cost and improve the solar cell manufacturing throughput. In situ and real-time spectroscopic ellipsometry (RTSE) has been used conjointly with ex situ characterizations to understand the properties of ultrathin CIGS films. This enables monitoring the growth process, analyzing the optical properties of the CIGS films during deposition, and extracting composition, film thickness, grain size, and surface roughness which can be corroborated with ex situ measurements. The fabricated devices were characterized using current voltage and quantum efficiency measurements and modeled using a 1-dimensional solar cell device simulator. An analysis of the diode parameters indicates that the efficiency of the thinnest cells was restricted not only by limited light absorption, as expected, but also by a low fill factor and open-circuit voltage, explained by an increased series resistance, reverse saturation current, and diode quality factor, associated with an increased trap density.
Introduction
Cu(In,Ga)Se 2 (CIGS) is one of the most promising materials for obtaining low-cost and high-efficiency thin-film solar cells viable for large-scale production. It is a versatile material that forms a variety of alloys [1] [2] [3] [4] [5] [6] [7] , deposited by a variety of methods [8] [9] [10] [11] [12] and has now attained a maximum power conversion efficiency of 22.6% [13] . Several studies have proven the high efficiency (>18%) and stability of CIGSbased modules [14, 15] . The capacity to scale up any photovoltaic technology is one of the criteria that will determine its long-term viability. In the case of CIGS, many manufacturers are paving the way for GW-scale production capacity. However, as CIGS technology continues to increase its share of the market, the scarcity and high price of indium may potentially affect its ability to compete with other technologies. One way to avoid this bottleneck is to reduce the importance of indium and gallium in the fabrication of the cell simply by reducing CIGS thickness without significant loss in its efficiency. The typical thickness of the CIGS absorber layer is generally about 2-2.5 μm [15, 16] . CIGS has a relatively high absorption coefficient (~10 5 cm −1 at 1.4 eV and higher), which can allow 0.5 μm thickness of the CIGS absorber layer to absorb more than 90% of the total incident solar spectrum [16] . The concept of thinning the CIGS layer is therefore of great interest and has already been explored by several researchers [17] [18] [19] . As mentioned, the potential advantages of this concept derive from the reduction of cost and usage of materials (especially In and Ga) and the increase in production throughput.
In this study, we focus on the growth process of CIGS films for various thicknesses (1.95 μm to 0.35 μm) characterized by in situ real-time spectroscopic ellipsometry (RTSE), and the results are correlated with ex situ measurements such as XRF, XRD, and SEM. CIGS solar cell devices with different thickness of CIGS layers are fabricated, and their device parameters are correlated with characterization and modeling results.
Materials and Methods
CIGS layers were deposited on soda lime glass (SLG) coated with thin film Mo of thickness approximately 800 nm, by a three-stage coevaporation process similar to that used for high-efficiency devices [13] . The substrate temperature was maintained at 400°C during the first stage and was increased to 550°C during the second and third stages. The targeted composition was between 0.8 and 0.9 for Cu/(In + Ga) and between 0.2 and 0.3 for Ga/(In + Ga). Thinning of the CIGS films was achieved by reducing the deposition time, leading to thicknesses ranging from 1.95 μm to 0.35 μm.
Real-time spectroscopic ellipsometry (RTSE) measurements were carried out in situ during CIGS thin-film growth using a rotating compensator, multichannel instrument with an energy range of 0.75-6.5 eV at an angle of incidence of 70°An IR sensor was used to monitor the substrate temperature. The RTSE methodology used here has been described in detail in previous work [20] [21] [22] [23] [24] . Pairs of (ψ, Δ) spectra were collected with a 3-second acquisition time. The optical model for RTSE data analysis is used to obtain the evolution of the structure including the thickness of the bulk layer and surface roughness layer and the void volume percentage in the surface roughness layer. The effective thickness or volume/area of film is defined as the bulk layer thickness plus one-half of the surface roughness layer thickness [25] .
The average composition and thickness of each film was measured using X-ray fluorescence (XRF). A reference sample with known composition and thickness was used to calibrate the XRF measurements. Scanning electron microscopy (SEM) was used to investigate the cross sections of the samples, and the thickness was correlated with XRF measurements. The structural analysis was done by X-ray diffraction (XRD) measurements.
CIGS solar cells were fabricated by depositing CdS by chemical bath deposition on the SLG/Mo/CIGS structure, then i-ZnO and ZnO:Al by RF sputtering. Solar cells were completed by e-beam evaporation of Ni/Al/Ni metal grids. Cells with total area of 0.50 cm 2 were defined by mechanical scribing. Current-voltage (J-V) under an AM1.5 global spectrum at 25°C and quantum efficiency (QE) measurements were performed on these devices.
Results and Discussion
3.1. In Situ Growth Analysis. To scale up solar cell processing with thin CIGS for large-area photovoltaic (PV) technology, the challenge is to achieve optimum values of the thickness of the layers as well as to obtain the desired Cu stoichiometry and alloy composition x within narrow ranges and simultaneously over large areas during CIGS film deposition. As a result, contactless metrologies that provide such information in real time are of great interest in this technology, especially for the development of ultrathin CIGS. We have demonstrated the use of RTSE for real-time monitoring and control of thin-film CIGS deposition [22] . Three sequential deposition processes are executed to obtain the final CIGS film. During the first stage of deposition, In, Ga, and Se are evaporated at relatively low substrate temperature (~400°C). The second stage includes deposition of Cu and Se at high substrate temperature (~550°C). During this stage, the film composition changes from (In 1 − x Ga x ) 2 Se 3 to the Cu-rich Cu(In,Ga)Se 2 composition through the stoichiometric Cu(In,Ga)Se 2 composition. When the CIGS film becomes Cu rich, a semiliquid Cu 2 − x Se phase is believed to form on the bulk layer which consists of mixed phases of Cu(In,Ga)Se 2 and Cu 2 − x Se. Due to the presence of the semiliquid Cu 2−x Se phase, growth of large grains is known to occur [22] . During the third stage of deposition, the Cu-rich CIGS film is transformed into a Cu-poor film by the deposition of In, Ga, and Se.
RTSE measurements are sensitive to the monolayer changes, and they provide sensitive information about the evolution of surface roughness, thus revealing grain growth and coalescence processes. The analysis is performed in real time during each CIGS deposition, and structural parameters (d b , d s ) were extracted. Detailed studies were performed to describe the use of RTSE for analysis of (i) (In 1 − x Ga x ) 2 Se 3 (IGS) formation during stage I of the deposition process, (ii) the conversion of IGS into CIGS during stage II and the rapid development of bulk Cu 2 − x Se during the end of stage II, and (iii) the Cu-rich to Cu-poor CIGS thin-film transition during stage III. RTSE analysis was performed based on the optical models constructed for the stages of growth of the CIGS film. Figure 1 . Similar measurements were carried out for all film thicknesses. The Volmer-Weber growth mode is observed, whereby growth occurs through islands, and atoms have a tendency to bind to each other rather than to the substrate.
The surface and interface roughness layers are modeled based on the Bruggeman effective medium approximation (EMA) as a mixture of underlying and overlying materials. During the initial stage of IGS growth (stage I), the voids in the Mo surface roughness are filled by IGS, and this leads to a rapid increase in the IGS layer thickness, leading to a simultaneous increase in the surface roughness of the IGS layer. During initial bulk layer growth, the roughness thickness on the IGS decreases indicating suppression of substrate-induced roughness and apparent coalescence of the islands on the Mo surface. Later, the IGS roughness increases due to crystallites protruding above the surface.
For the initial analysis of stage II, a bulk conversion model is constructed considering that the entire IGS layer is converted into CIGS. In this stage, CIGS nucleates uniformly within the bulk IGS layer, and the grain size and the concentration of grains increase with time at the expense of the surrounding IGS material until the entire IGS layer is consumed. In this process, the bulk layer thickness increases as the Cu is incorporated. Thus, it is assumed that IGS, CIGS, and Cu 2 − x Se components of the bulk layer are resolvable at any time during Cu exposure, and as a result, the film is modeled with a uniform bulk layer according to a three-component Bruggeman EMA. During stage III, the Cu-rich CIGS film is transformed into a Cu-poor film by the deposition of In, Ga, and Se, in order to provide a suitable absorber layer for the CIGS solar cell. An optical model of two surface layers consisting of CIGS surface roughness (associated with crystallites protruding above the surface), as well as an underlying layer consisting of Cu 2 − x Se, CIGS, and voids, was developed to monitor the Cu-rich to Cu-poor transition. With this model, the Cu-rich to Cu-poor transition can be identified as the time at which the Cu 2 − x Se volume fraction (also its effective thickness) decreases to zero which indicates the stoichiometric point. The deposition is terminated after the transition of the Cu-rich CIGS film to Cu-poor film by coevaporating In, Ga, and Se. The optical model used for RTSE analysis for the third stage is shown in Figure 2 . The two surface layers describe the roughness as well as the Curich phase at the surface of the film, providing the Cu 2 − x Se content when the film transitions to Cu poor.
The analysis that provides the evolution of the thick- Figure 1 also provides the complex dielectric functions (ε 1 , ε 2 ) for the CIGS thin films (Figure 3) . The dielectric functions are closely linked to the electronic band structure. The observed features in (ε 1 , ε 2 ) in Figure 3 are related to interband transitions that appear at the Van Hove singularities or critical points (CPs) of the joint density of 3 Journal of Spectroscopy states. These features were fitted assuming parabolic bands (PBs), yielding CPPB oscillators given by
where A j is the amplitude, E j is the energy, Γ j is the broadening, and ϕ j is the phase, all for the jth critical point. The exponent n is −1, −1/2, 0 (ln), or +1/2 for excitonic, 1-dimensional, 2-dimensional, or 3-dimensional CPs, respectively. Because some CPs were not easily resolved, the second derivatives of the dielectric functions were used in the fitting of the CPPB oscillators, according to the expressions [26] :
where E = ħω is the photon energy. The remaining four parameters for each CP were obtained in fits to the second derivatives of the dielectric functions obtained as described elsewhere [27] . The CP energies as well as the broadening of the CPs obtained from the fits are compiled in Table 1 for the 0.35 μm film. For the first three transitions, E 0 A, B and E 0 C , the best fits were obtained with excitonic line shapes; for the rest of the transitions, 2D line shapes were used. The electronic transition assignments in Table 1 follow from a comparison of the room temperature CP energies of the polycrystalline films with those of single crystal [26] . Slight variations in the energy values would likely correspond to variations in the composition for films of different thickness. This was later correlated with ex situ measurements.
The CPs are not only directly useful for determining the band gap, which is a critical parameter for the solar cell, but also potentially useful for distinguishing between two materials with different properties that may lead to different device performance parameters. The broadening parameters for the CIGS films were observed to narrow with the increase in thickness of the film, indicating an increase of the grain size with the increase in thickness.
Ex Situ Thin Film Characterization.
The CIGS films were characterized by XRF for average composition and thickness ( Table 2 ). As one can see, the compositions matched the targeted range. Applying the relationship between the room temperature bandgap (E g = E 0 ) and the atomic ratio x = Ga / In + Ga , given by E g = 1 01 + 0 626x − 0 167x 1 − x , the average band gap was extracted from the XRF composition for each film and correlated with the average band gap obtained from RTSE. The average composition extracted from XRF is in good agreement with the average composition extracted from RTSE as shown in Table 2 . Note that these average values do not allow for the existing composition gradient in the films to be assessed.
The film thicknesses were measured by XRF and by cross-sectional SEM (Figure 4 ). They were also correlated with the RTSE measurements and demonstrated that the targeted thicknesses were obtained (Table 2 ). Figure 5 shows the general XRD patterns for all the CIGS films. All the peaks can be indexed by chalcopyrite polycrystalline Cu(In 1 − x Ga x )Se 2 and Mo, which indicates that the CIGS films are single phase. The value of x was varied to match the peak position and correlated well with the values found by XRF.
The preferred orientation for all the films was (220)/(204) while the FWHM increased for the thinner films, in good agreement with the cross-sectional SEM images (Figure 4) , indicating smaller grains for the thinner films. The CP broadening parameter (Γ) for the CIGS thin films with different thickness extracted from RTSE (Table 1 ) also corroborated the same trend as seen in XRD and SEM.
3.3. Device Fabrication and Analysis. J-V and QE results for the devices are reported in Table 3 and Figure 6 . One can observe that the short-circuit current and the opencircuit voltage are roughly constant as thickness is reduced from 1.95 μm to 1.25 μm, while decreasing for 0.75 μm down to 0.35 μm. The decrease in current below CIGS thickness of 1.25 μm was confirmed by QE measurements. This effect on the current was expected, as there is a decrease in absorbance at long wavelengths with decreasing CIGS thickness [28] . It was found, however, that the reduction of QE is greater than the reduction of absorbance at the long wavelengths, which can be due to 4 Journal of Spectroscopy electrical loss mechanisms such as an increase of the series resistance and recombination of photophotogenerated carriers near the back contact [29] . The J-V data were then analyzed using the ideal diode equation considering that the forward diode current is limited by Shockley-Read-Hall (SRH) recombination through the subbandgap energy states within the space charge region (SCR) of the Cu(In,Ga)Se 2 . The diode equation is given as
where J 0 is the reverse saturation current density, A is the diode quality factor, R S is the series resistance, J L is the light 5 Journal of Spectroscopy generated current, and G is the shunt conductance. In all cases, the shunt conductance was low. The derived R S and A, from the intercept and slope, respectively, in a linear fit to dV/dJ plotted versus (J + J sc ) −1 are shown in Table 3 . The higher value for the diode quality factor as the thickness is reduced appears to indicate that the main recombination mechanism is more closely related to interface recombination than to space charge region recombination. The higher value of the series resistance for the thinnest CIGS devices could be one of the reasons for the lower fill factors. The decrease in V OC as absorber layer thinned down below 1 μm could be due to the increase in defect density with the reduction in CIGS absorber layer thickness, as indicated by the increase in reverse saturation current density J 0 .
3.4. Device Simulation. In this work, SCAPS software [30] was used for the solar cell simulation. The standard thickness of the CIGS absorber layer is about 2 μm. CIGS absorber layers with various thicknesses, varying from 1.95 μm to 0.35 μm, were incorporated into the numerical simulation. The starting parameters for the simulation model are listed in Table 4 . The results of the experimental data as well as the simulations for a bulk trap density of 5 × 10 11 cm −3 are reported in Figure 7 . We observed that all of the electrical parameters (J sc , V oc , FF, and efficiency) decreased for thicknesses below 1 μm. The short-circuit current density (J sc ) was the most affected due to the increasing transparency of the thin CIGS layers and due to the recombination at the interface between the absorber layer and the back contact [31] . For ultrathin absorber layers, long wavelengths penetrate deeply into the absorber and generate electron-hole pairs near the back contact, which is the critical region for recombination, resulting in the decrease of V oc and the FF.
The reduction in thickness itself, however, was not sufficient to obtain good agreement between our experimental results and simulations for the ultrathin devices. We also had to introduce a variation in the bulk defect density to allow for a better fit. As we mentioned earlier, in the simulation, the grain boundary recombination has been considered in terms of an increased bulk defect density. Attempts were therefore made to compare the simulation results with our experimental results by introducing an intentionally higher defect density into the absorber layers, as shown in Table 5 . Very good agreement was obtained between the simulated solar cell parameters (V oc , J sc , FF, and efficiency) and the experimental results. This requires that the defect density increase from 5 × 10 11 cm −3 for the 1.95 μm film to 1.6 × 10 15 cm −3 for the 0.35 μm film. This can be related to the observations made on the films, specifically in terms of Journal of Spectroscopy the growth observed by RTSE. For the thinner films, the grain size is effectively smaller and the onset of coalescence of IGS occurs at a time much closer to the end of the deposition of this layer, giving rise to higher bulk defect density.
Conclusions
CIGS thin films with various thicknesses were studied by RTSE and ex situ measurements. All films with different thicknesses exhibit a Volmer-Weber (V-W) growth mode, as observed by RTSE. The grain size decreases as the thickness of the absorber layer decreases from 1.95 μm to 0.35μm. XRD spectra revealed (220)/(204) preferred orientation for these films. Consistent results were obtained for the composition, band gap, thickness, and grain size by RTSE, XRD, SEM, and XRF. The solar cells were then characterized by current voltage and quantum efficiency measurements. As expected, the current density decreases as the thickness of the absorber layer decreases. However, the other device parameters (V OC , FF) also decrease. The diode parameter analysis of the studied CIGS solar cell devices indicates that the thinnest cells are limited in efficiency by a low fill factor and opencircuit voltage, associated primarily with a high diode quality factor (A = 2 16), high series resistance (R S ∼ 2Ω cm 2 ) and high reverse saturation current density (J 0 = 4 3 × 10 −3 mA/ cm 2 ). SCAPS simulations indicate that a trap density of 5 × 10 11 cm −3 is appropriate to simulate the higher thicknesses but that a higher trap density, up to 1.6 × 10 15 cm 
